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ABSTRACT
We present optical spectroscopy of the afterglow of GRB 050505 obtained with the Keck I 10 m telescope. The
spectrum exhibits three absorption systems with the highest, at z ¼ 4:2748, arising in the host galaxy. The host ab-
sorption is marked by a DLAwith logN (H i) ¼ 22:05 0:10, higher than that of any QSO-DLA detected to date
but similar to several other recent measurements from GRB spectra. We further deduce a metallicity of Z  0:06 Z,
with a depletion pattern that is similar to that of theGalacticwarmhalo orwarmdisk.More importantly, we detect strong
absorption from Si ii indicating a dense environment, nHk102 cm3, in the vicinity of the burst, with a size of4 pc.
TheC iv absorption system spans a velocity range of about 103 km s1, most likely arising in the progenitor stellar wind.
In this context the lack of corresponding Si iv absorption indicates that the progenitor had a massP25 M and a
metallicity P0.1 Z, and therefore required a binary companion to eject its hydrogen envelope prior to the GRB
explosion. Finally, by extending the GRB-DLA sample to z  4:3 we show that these objects appear to follow a
similar metallicity-redshift relation as in QSO-DLAs, but with systematically higher metallicities. It remains to be
seen whether this trend is simply due to the higher neutral hydrogen columns in GRB-DLAs and/or sight lines
which probe star-forming regions, or if it is a manifestation of different star formation properties in GRB-DLAs.
Subject headinggs: gamma rays: bursts — ISM: abundances — ISM: kinematics and dynamics — stars: mass loss —
stars: Wolf-Rayet
1. INTRODUCTION
The study of star formation and the associated production and
enrichment of the interstellar medium (ISM) and intergalactic
medium (IGM) by metals is focused on two observational ap-
proaches: large galaxy surveys based on rest-frame UV, optical,
near-infrared, and far-infrared emission, and the use of high-
redshift quasars as probes of the ISM/IGM. The former pro-
vides a view of the star formation activity from high redshift to
the present, as well as the possible enrichment of the IGM through
galactic-scale winds. In the context of quasar absorption stud-
ies the highest column density absorbers, the so-called damped
Ly (DLA) systems [N H ið Þ  2 ; 1020 cm2] are of particular
interest. This is because of the similarity of their column densities
to those in local luminous galaxies, the fact that at these columns
the hydrogen is mainly neutral and may form stars, and the con-
clusion that the bulk of the neutral gas in the range z  0–5 is in
DLAs (for a recent review see Wolfe et al. 2005 and references
therein).
The connection between luminous star-forming galaxies and
DLAs remains an open question. This is primarily due to obser-
vational limitations inherent in both approaches. First, surveys
of star-forming galaxies at zk2 are limited to relatively bright
objects,Lk 0:3L (e.g., Steidel et al. 2003). Furthermore,with the
exception of the brightest galaxies, the continuum emission is typ-
ically too faint for absorption from interstellar gas to be observed
and therefore for it to be possible to tie together the star formation
and ISM properties. On the other hand, the use of quasar sight
lines to probe the disks of high-redshift galaxies is biased by a
cross section selection effect to large impact parameters (k10kpc).
Moreover, in the particular case of DLAs the close proximity
on the sky to the bright background quasar severely limits the
identification of the DLA counterparts. Thus, while some DLA
counterparts have been identified, primarily at z P1 (e.g., Chen
& Lanzetta 2003), a definitive association with star-forming sys-
tems or Lyman break galaxies (LBGs) remains elusive.
Despite the observational challenges, the various galaxy sur-
veys have provided evidence for near solar metallicities in at
least some of the bright high-redshift galaxies (Shapley et al.
2004; Swinbank et al. 2004). Typical star formation rates in the
bright galaxies are in the range of 10–102 M yr1 (Shapley
et al. 2001; Fo¨rster Schreiber et al. 2004; Swinbank et al. 2004).
On the other hand, DLAs appear to be metal-poor, with a typical
Z  0:03 Z (Prochaska et al. 2003), and while they exhibit
evidence for star formation in a few cases, the rates typically
appear to be lower than in the LBGs (Bunker et al. 1999).
An alternative approach to probing the intervening gas in gal-
axies and the IGM is to use the afterglows of gamma-ray bursts
(GRBs). In the context of the relation to star formation and the
nature of DLAs, GRBs offer several advantages over quasar
studies. First, GRBs are embedded in star-forming galaxies, with
typical offsets of a few kiloparsecs or less (Bloom et al. 2002).
They therefore not only provide a direct link to star formation
but also probe the regions of most intense star formation, and
hence the production and dispersal of metals. Second, since the
GRB afterglow emission fades away on a timescale of days to
weeks, the host galaxy and any intervening DLAs can be sub-
sequently studied directly (e.g., Vreeswijk et al. 2004).
Third, and perhaps most important, since GRBs are likely to
be located in star-forming regions (e.g., molecular clouds) within
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their host galaxies, this approach provides the only systematic
way to directly probe the small-scale environment and conditions
of star formation at high redshift; the probability of intersecting
an individual molecular cloud in a quasar sight line is vanish-
ingly small. In the same vein, GRBs can probe the circumstellar
environment of the progenitor star itself and provide a unique
view of the mass-loss history and properties of the progenitor
(e.g., metallicity, mass, binarity). With a large statistical sample,
this is the only way to compare the properties of massive stars
and individual star-forming regions at high redshift to those in
the Milky Way and the local universe.
Over the past few years, several absorption spectra of GRB
afterglows have been obtained, revealing relatively large neutral
hydrogen column densities (most in the DLA category; e.g.,
Vreeswijk et al. 2004). The metallicity, inferred in only a few
cases, appears to be subsolar (Z  0:01–0.1 Z; Vreeswijk et al.
2004; Chen et al. 2005; Starling et al. 2005a) but with a larger
dust content than in QSO-DLAs (Savaglio et al. 2003). In addi-
tion, some spectra reveal complex velocity structure, interpreted
as arising from ordered galactic rotation (Castro et al. 2003) and
in one case appearing to arise in the complex wind environment
of the progenitor star (e.g., Mo¨ller et al. 2002). These results
already suggest that GRBs probe environments that are likely
missed in the quasar surveys.
With the advent of the Swift satellite, we can now start to use
GRBs as probes of the high-redshift universe in a systematic
manner. Swift’s sensitivity and ability to rapidly and accurately
localize a large number of GRBs have resulted in a redshift dis-
tribution spanning nearly uniformly from z  0:5 tok6 (Berger
et al. 2005; Jakobsson et al. 2006; Kawai et al. 2005; Haislip et al.
2005). This sample is therefore well matched to the star formation
history of the universe and over time will allow us to address the
redshift evolution of star-forming environments and perhaps in-
dividual massive stars.
Along these lines, we present here an absorption spectrum
of GRB 050505, which reveals a DLA with a column density
log N (H i) ¼ 22:05 0:10 at a redshift of z ¼ 4:2748. This sys-
tem is currently the highest redshift GRB host for which de-
tailed information is available. The spectrum probes not only
the interstellar medium of the host galaxy but also provides in-
formation on the local environment of the burst, likely includ-
ing the wind of the progenitor star from which we are able to
draw conclusions about the nature of the star that exploded.
2. OBSERVATIONS
GRB 050505 was detected by Swift on 2005 May 5.974 UT.
The duration and fluence of the burst were 60 s and 4:1 0:4ð Þ ;
106 ergs cm2, respectively (Hullinger et al. 2005).Observations
with the Swift X-ray telescope (XRT) started 47 minutes after
the burst and revealed an uncataloged source at ¼ 09h27m03:s2,
 ¼ þ3016021B5 (J2000.0) with an uncertainty of about 600 and a
flux of2 ;1011 ergs cm2 s1 (Kennea et al. 2005). No object
was detected by the Swift UV/optical telescope (UVOT) in the
first 8 hr to a limit of V > 20:35 and B > 21:04 mag, at a mean
time of 2.49 and 2.59 hr, respectively (Rosen et al. 2005).
We initiated observations of GRB 050505 with the Low
Resolution Imaging Spectrometer (LRIS) mounted on the Keck I
10 m telescope about 6.4 hr after the burst. We obtained simul-
taneous g- and I-band observations and detected an object close
to the center of the XRT error circle at  ¼ 09h27m03:s3,  ¼
þ3016023B7 (J2000.0), with a brightness I ¼ 20:51 0:05 and
g ¼ 23:67 0:12 mag (Fig. 1). The spectral slope between the
two bands, F / 4:90:3, is too sharp for host galaxy extinction
and instead suggests a redshift z  4–5.5. Contemporaneous ob-
servations with UKIRT revealed a near-IR counterpart with a
brightness of K ¼ 18:1 0:2 mag (Rol et al. 2005).
Following the identification of the afterglowwe used LRIS to
obtain two 900 s spectra with a 100 wide slit (Fig. 2). The spec-
tra were reduced using standard IRAF routines, while rectifica-
tion and sky subtraction were performed using the method of
Kelson (2003). Wavelength calibration was performed using
HgArNeZnCd arc lamps, and air-to-vacuum and heliocentric
Fig. 1.—Discovery image of the optical afterglow of GRB 050505 obtained
with LRIS on the Keck I 10 m telescope. The inset is a combined gþ I flux-
calibrated color image clearly showing the red color of the afterglow, which is
due to the damped Ly absorption, the Ly forest, and the Lyman limit ab-
sorption at k P4900 8 (see Fig. 2).
Fig. 2.—Absorption spectrum of GRB 050505 obtained with LRIS on the
Keck I 10 m telescope. Observational details are given in x 2. Metal absorption
features from all three systems are shown, including lines that are blends from
both z1 and z2. We note that absorption features blueward of the damped Ly
feature are strongly blended with the Ly forest at the resolution of our spectrum
and their position is shown only for completeness. The inset shows a zoom-in of the
Ly absorption. The solid line is the best fit with logN H ið Þ ¼ 22:05, and the
dashed lines designate the 1  uncertainty of 0.1 dex.
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corrections were applied. The resulting dispersion scales are
1.86 8 pixel1 for the red side and 0.61 8 pixel1 for the blue
side, with an rms wavelength uncertainty of about 0.2 8. Finally,
flux calibration was performed using the spectrophotometric
standard BD +28 4211, with a correction for the small amount
of Galactic extinction, E B Vð Þ ¼ 0:021 mag (Schlegel et al.
1998). Convolution of the spectrum with the I -filter bandpass
results in a flux density of 15:8 1:5 Jy (20:5 0:1 mag), in
very good agreement with the measured I-band magnitude. This
indicates that slit losses were minimal.
We identify three redshift systems in the extracted spectrum,
z1¼ 4:2748 0:0008, z2¼ 2:2650 0:0008, and z3¼ 1:6948
0:0003. We associate the redshift system z1 with the host galaxy
of GRB 050505, given the nature of the absorption lines (see x 3)
and the lack of Ly forest absorption redward of the damped
Ly feature at the redshift z1. At this redshift, using the stan-
dard cosmology (H0 ¼ 71 km s1Mpc1,m ¼ 0:27, and ¼
0:73), the isotropic-equivalent -ray energy release is E; iso 
8:9 ; 1053 ergs, while the X-ray luminosity extrapolated to t ¼
10 hr (assuming the typicalF / t1:3) is LX; iso  2:3 ; 1046 ergs
s1 (Nousek et al. 2005). Both values are at the high end of the
distribution for previous GRBs (Berger et al. 2003; Bloom et al.
2003).
3. THE HOST GALAXY ABSORPTION SYSTEM
The spectrum of GRB 050505 is dominated by a broad ab-
sorption feature centered on an observed wavelength of about
64008, which we identify as Ly. AVoigt profile fit to the Ly
absorption feature results in a column density of neutral hydro-
gen, log N (H i) ¼ 22:05 0:10, indicating that the absorber is a
DLA, with one of the highest column densities measured to date
in either QSO or GRB sight lines (Curran et al. 2002; Vreeswijk
et al. 2004).We note that the actual column density may be some-
what higher, since, unlike in the case of quasars, the GRB is
embedded in the host galaxy of the DLA (Vreeswijk et al. 2004).
The average flux decrement between Ly and Ly is about 0.55,
which is in good agreement with the values measured in quasar
sight lines at the same redshift (Cristiani et al. 1993).
Blueward of the damped Ly feature we detect absorption
from the Ly forest, likely mixed with metal absorption fea-
tures of oxygen, silicon, nitrogen, sulfur, carbon, and iron. Due
to the low resolution of our spectrum we cannot disentangle the
contribution of the metals from the forest. We also detect Ly
absorption, and at a wavelength of about 4880 8 we detect the
Lyman limit.
Redward of the Ly absorption feature we detect a wide range
of metal lines. The identifications, observed wavelengths, and
equivalent widths (EWs) of these lines are listed in Table 1. We
note that in some cases these lines are blended with absorption
features from the lower redshift system at z2 ¼ 2:265. Most of
the lines detected in the spectrum appear to be saturated. We can
obtain a lower limit on the column density assuming the optically
thin case
N ¼ mec
2
e2
Wk
f k2
¼ 1:13 ; 1020 cm2 Wk=8
 
k=8
 2
f
; ð1Þ
where f is the oscillator strength,Wk is the EW, and k is the rest
wavelength. The resulting lower limits for each transition are
listed in Table 1.
Since most of the lines are saturated and therefore do not lie
on the linear part of the curve of growth (COG), we construct a
joint COG for all the detected transitions that do not suffer from
strong blending. In this case we use the standard formulation
(Spitzer 1978),
Wk ¼ 2bF 	0ð Þk
c
; ð2Þ
where the line center’s optical depth is given by
	0 ¼ 
1=2e2f kN
mecb
¼ 1:496 ; 1015 f k=8
 
N
b=km s1ð Þ ð3Þ
and the function
F 	0ð Þ ¼
Z 1
0
1 exp 	0ex 2
 h i
dx: ð4Þ
We assume that all species share the same value of the Doppler
parameter, b, and we fit iteratively for b and the column density
of each species (e.g., Savaglio et al. 2003). The resulting best-fit
COG is shown in Figure 3, and the column densities are listed in
Table 2. We find that lines of C i and Ni ii are well described by
the linear part of the COG, lines of S ii are mildly saturated, and
most other species lie on the flat portion of the COG. We stress
that given the assumption of a single b-value, as well as the low
resolution of our spectrum, the derived column densities of the
strongly saturated lines should still be considered as rough lower
limits.
With this caveat in mind we derive the following abundances
from the COG analysis. The column density of S ii is log N 
16:1, leading to an abundance relative to the solar value of
S/H½ 	  1:2; here we use the compilation of solar abundances
of Asplund et al. (2005). Sulfur is a nonrefractory element and
its gas-phase abundance therefore closely matches the gas metal-
licity. The derived value is roughly similar to those of both QSO-
and other GRB-DLAs. The Fe ii column density of logN  15:5
indicates an abundance of Fe/H½ 	  2:0, which is similar to
the mean value for QSO-DLAs at a similar redshift range (e.g.,
Prochaska et al. 2003). The ratio of sulfur to iron, S/Fe½ 	  0:8,
however, is at the high end of values measured for QSO-DLAs,
which at Fe/H½ 	  2:0 range from about 0.1 to 1 (Lopez &
Ellison 2003). Since iron is a strongly depleted element, the large
value of ½S/Fe	 suggests a high dust content, similar to the in-
ference made in several other GRB-DLAs (Savaglio et al. 2003;
Savaglio & Fall 2004; Watson et al. 2005).
Inspecting the abundances of other ions, we find that Si /H½ 	 
1:6 when we sum the contributions of Si ii and Si iv. The ratio
compared to iron is Si /Fe½ 	  0:4, which is in excellent agree-
ment with the median value of about 0.4 for QSO-DLAs (Wolfe
et al. 2005).
Using the abundances of sulfur, silicon, and iron, in Figure 4
we provide a comparison to the Milky Way depletion patterns.
We consider the four typical patterns of warm halo (WH), warm
disk+halo (WDH), warm disk (WD), and cool disk (CD) clouds
(Savage & Sembach 1996) and follow the method of Savaglio
et al. (2003) to determine the metallicity and dust-to-gas ratio in
each case.We find that the first three depletion patterns provide an
adequate representation of the datawith ametallicity Z  0:06 Z
and dust-to-gas ratios of 1.1 (WH), 0.95 (WDH), and 0.85 (WD).
The cool disk depletion pattern does not provide an adequate fit,
since it underestimates the silicon abundance and overestimates
the iron abundance. Given the inferred metallicities and dust-to-
gas ratios we calculate a rest-frame V -band extinction of about
0:3 0:1 mag.
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TABLE 1
Line Identification
kobs
(8)
(1)
Line
(8)
(2)
fij
(3)
z
(4)
W0
(8)
(5)
log N
(cm2)
(6)
6597.80....................... S ii 1250.584 5.453 ; 103 4.2758 0.72 16.0
6614.47....................... S ii 1253.811 1.088 ; 102 4.2755 1.27 15.9
Zn ii 2026.136 0.489 2.2646 . . . . . .
Cr ii 2026.269 4.710 ; 103 2.2644 . . . . . .
Mg i 2026.477 0.112 2.2640 . . . . . .
6646.34....................... S ii 1259.519 1.624 ; 102 4.2769 2.60 16.1
Si ii 1260.422 1.007 4.2731 . . . 14.3
Fe ii 1260.533 2.500 ; 102 4.2726 . . . 15.9
6671.86....................... Si ii 1264.738 0.903 4.2753 1.65 14.1
6736.97....................... C i 1277.245 9.665 ; 102 4.2747 0.51 14.6
Cr ii 2062.234 7.800 ; 102 2.2668 . . . . . .
Zn ii 2062.664 0.256 2.2661 . . . . . .
6866.63a ..................... O i 1302.168 4.887 ; 102 4.2732 1.51 15.3
6880.58a ..................... Si ii 1304.370 9.400 ; 102 4.2750 3.25 15.4
6905.64a ..................... Si ii 1309.275 8.600 ; 102 4.2744 1.07 14.9
6921.57a ..................... ? . . . . . . . . . . . .
6949.48....................... Ni ii 1317.217 7.786 ; 102 4.2759 0.22 14.3
7009.27....................... C i 1328.833 5.804 ; 102 4.2748 0.37 14.6
7040.95....................... C ii 1334.532 0.128 4.2760 3.37 15.2
C ii 1335.708 0.115 4.2713 . . . 15.3
7350.47....................... Si iv 1393.755 0.528 4.2739 1.77 14.3
Fe ii 2249.877 1.821 ; 103 2.2671 . . . . . .
7399.07....................... Si iv 1402.770 0.262 4.2746 1.60 14.5
7536.67....................... Mg ii 2796.352 0.612 1.6952 1.98 13.7
7554.21....................... Mg ii 2803.531 0.305 1.6945 0.94 13.7
7604.14....................... 
 . . . . . . . . . . . .
7625.86b ..................... 
 . . . . . . . . . . . .
7639.15b ..................... ? . . . . . . . . . . . .
7654.06b ..................... Fe ii 2344.214 0.114 2.2651 2.29 14.6
7676.48b ..................... Ni ii 1454.842 3.230 ; 102 4.2765 1.36 15.4
7740.67....................... Ni ii 1467.259 6.300 ; 103 4.2756 0.25 15.3
Ni ii 1467.756 9.900 ; 103 4.2738 . . . 15.1
7752.13....................... Fe ii 2374.461 3.130 ; 102 2.2648 0.87 14.7
7779.65....................... Fe ii 2382.765 0.320 2.2650 1.52 14.0
8030.42....................... ? . . . . . . . . . . . .
8051.97....................... Si ii 1526.707 0.127 4.2741 1.81 14.8
8088.55....................... Si ii 1533.432 0.132 4.2748 1.58 14.8
8104.98....................... ? . . . . . . . . . . . .
8138.73....................... C iv 1548.195 0.191 4.2569 3.23 14.9
8151.23....................... C iv 1550.770 9.522 ; 102 4.2562 2.99 15.2
8164.63....................... C iv 1548.195 0.191 4.2736 2.69 14.8
8177.95....................... C iv 1550.770 9.522 ; 102 4.2735 2.64 15.1
8221.83....................... C i 1560.309 8.041 ; 102 4.2694 1.39 14.9
C i 1560.682 6.030 ; 102 4.2681 . . . 15.0
C i 1560.709 2.010 ; 102 4.2680 . . . 15.5
8411.32....................... Mn ii 2576.877 0.351 2.2642 0.95 13.7
8446.68....................... Fe ii 2586.650 6.910 ; 102 2.2655 1.70 14.6
8487.59....................... Fe ii 1608.451 5.800 ; 102 4.2769 2.73 15.3
Fe ii 2600.173 0.239 2.2642 . . . . . .
8505.42....................... Fe ii 1611.200 1.360 ; 103 4.2789 0.54 16.2
Mn ii 2606.462 0.193 2.2632 . . . . . .
8811.67....................... Al ii 1670.787 1.880 4.2740 2.55 13.7
9131.04....................... Mg ii 2796.352 0.612 2.2653 1.74 13.6
9155.12....................... Mg ii 2803.531 0.305 2.2656 2.10 14.0
9162.51....................... ? . . . . . . . . . . . .
9189.78....................... Ni ii 1741.553 4.270 ; 102 4.2768 0.91 14.9
Notes.—Absorption features identified in the spectrum of GRB 050505. We do not include metal lines
blueward of the Ly absorption since at the low resolution of our spectrum these lines are blended with
Ly forest features. Col. (1): observed wavelength; col. (2): line identification; col. (3): oscillator strength
(Prochaska et al. 2003); col. (4): redshift of the line; col. (5): rest-frame EW; and col. (6): logarithm of the
column density assuming the optically thin case (eq. [1]); in most cases this is a lower limit since the lines
are generally saturated. In the case of blended features we derive the column density by assuming that the
total EW is due to the highest redshift feature (typically the host galaxy).
a Absorption features are located in the atmospheric B band.
b Absorption features are located in the atmospheric A band.
3.1. A C iv Outflow
The most prominent metal absorption feature in the spectrum
of GRB 050505, with a total rest-frame EWof about 11.68, is a
blend of C iv kk1548, 1550. The overall velocity spread of this
feature is about 950 km s1, extending blueward of the systemic
redshift of the host galaxy, as defined by other metal absorption
features (Fig. 5). The wide velocity spread is not observed in
any of the other low- or high-ionization features; for example,
the limit on blueshifted Si iv is log N < 13:5, at least a factor of
30 below the C iv column density. It is not clear from the low-
resolution spectrumwhether the velocity structure is due to a set
of discrete absorbers or to a relatively uniform distribution of C iv.
Regardless of this distinction, the observed velocity range is
much larger than the typical values associated with the rotation
or velocity dispersion of individual galaxies, including those
Fig. 3.—COG for the host galaxy system of GRB 050505. We constructed
the COG by iteratively fitting for the column densities of individual ions and the
Doppler parameter, b, which we assumed to have a single value. Transitions in
the linear part of the COG lead to well-determined columns (modulo the low
resolution of our spectrum). Transitions on the flat portion of the COG are
sensitive to the value of b and should be considered as lower limits.
TABLE 2
Column Densities of Ions in z1
Ion
log N
(cm3) [X /H]
H i ............................. 22.05 . . .
C i.............................. 14.6 3.8
C ii............................. 17.0 1.4
C iv............................ 17.1 1.3
O i ............................. 16.5 2.2
Al ii ........................... 16.3 0.3
Si ii ............................ 15.7 1.8
Si ii* .......................... 15.1 2.4
Si iv ........................... 15.6 2.0
S ii ............................. 16.1 1.2
Fe ii ........................... 15.5 2.0
Ni ii ........................... 14.6 1.7
Notes.—Ionic column densities and abundances
relative to the solar values as derived from the curve-
of-growth analysis (Fig. 3). These values are lower
limits in most cases given the low spectral resolution
and the location of most lines on the flat portion of
the COG. Thus, the metallicity as inferred from the
sulfur abundance isk0.06 Z.
Fig. 4.—Depletion pattern for the host galaxy of GRB 050505 using the
inferred columns of sulfur, silicon, and iron relative to hydrogen. The lines
represent the depletion patterns expected for various phases of the interstellar
medium based on observations in the Milky Way (Savage & Sembach 1996),
with the dust-to-gas (
) and metallicity left as free parameters. We find that a
cool disk interpretation is unlikely.
Fig. 5.—Absorption features of C iv and Si iv. The C iv doublet exhibits a
velocity spread of about 1000 km s1, which is not detected in Si iv. The gray
line shows the expected absorption profile from two systems at z1A ¼ 4:2741
and z1B ¼ 4:2572 with C iv column densities of 1 and 2 ; 1015 cm2, respec-
tively, and b ¼ 90 km s1 (see Fig. 3). This scenario provides an adequate fit to
the data and indicates that the velocity structure is most likely due to a fast wind
from the progenitor star.
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observed in past GRB absorption spectra (e.g., GRB 000926
with v  170 km s1; Castro et al. 2003). Similarly, blueshifted
absorption by interstellar low- and high-ionization gas has been
detected in the stacked spectra of LBGs, but with a typical ve-
locity shift relative to the nebular emission lines of only about
150 km s1 (Adelberger et al. 2003). On the other hand, Frye
et al. (2002) find evidence for outflows in zk 4 lensed galaxies
that approach 800 km s1, but these outflows are evident in low-
ionization lines of O i, Si ii, and C ii. In local bright starburst gal-
axies outflow velocities are typically P300 km s1 (Heckman
et al. 2000). Therefore, unless the wind from the host galaxy of
GRB 050505 is unusually fast, we consider this interpretation
unlikely. This would particularly be the case if the host of GRB
050505 is similar to those of other GRBs, which tend to have rel-
atively lowmasses (Christensen et al. 2004) and would therefore
have escape velocities much smaller than 103 km s1.
The C iv absorption may be alternatively related to an extended
large-scale structure along the line of sight. Adelberger et al.
(2003) find a strong correlation between the location of C iv
absorbers in quasar sight lines and the location of LBGs. In
particular, for a C iv column density of >1014 cm2 (as observed
in the spectrum of GRB 050505) about 80% of the absorbers lie
within 600 km s1 and ¼ 3500 of an LBG.While this velocity
range is similar to the one observed here, it has been argued that
the actual outflow velocities areP400 km s1 (Songaila 2006)
and that the extent of the C iv bubbles may be a reflection of
pregalactic enrichment at z  10 by slower winds from dwarf gal-
axies (Porciani & Madau 2005). Since here we directly detect an
outflow with v  103 km s1, it is unlikely to be related to the
C iv bubbles discussed in Adelberger et al. (2003) and Songaila
(2006).
Another possibility in the context of an extended structure is
that the C iv absorption arises from an overlapping structure of
galactic halos, perhaps stretched out along a dark matter filament.
This hypothesis is difficult to assess with a single absorption
spectrum. However, if such structures are ubiquitous they should
be observed in a large fraction of GRB absorption spectra, as
well as in quasar absorption spectra. Studies of C iv systems in
quasar spectra suggest that these systems are strongly clustered
for velocity shifts ofP200 km s1 and are essentially uncorrelated
for vk500 km s1 (Rauch et al. 1996; Pichon et al. 2003). Thus,
we conclude that the observed C iv velocity structure is not due
to a galactic-scale phenomenon.
In the context of a massive star progenitor, an attractive alter-
native is that the C iv velocity structure is the signature of a fast
wind. A similar inference was made in the case of GRB 021004,
which exhibited a complex velocity structure extending from
about 140 to 3000 km s1 (Mo¨ller et al. 2002; Mirabal et al.
2003; Schaefer et al. 2003; Fiore et al. 2005; Starling et al.
2005b). The presence of such a fast outflow led to the general
conclusion that the progenitor was a Wolf-Rayet star. However,
unlike in the case presented here, the velocity structure in the
spectrum of GRB 021004 was evident in both low- and high-
ionization lines, includingH i. This raised the difficulty of explain-
ing the presence of both types of species in the highly ionized
burst environment, as well as the presence of a large column of
hydrogen in aWolf-Rayet wind, although Starling et al. (2005b)
suggest that the latter may be due to the presence of a hydrogen-
rich companion.
While these difficulties prevented a definitive explanation of
the high-velocity absorbers, two main possibilities have been
discussed. Mirabal et al. (2003) argue that to reach the observed
expansion velocities, radiative acceleration of the preexisting
fragmented shell nebula is required. In this model the interaction
of the fastWolf-Rayet windwith the slowerwinds of earlier mass-
loss episodes results in a fragmented structure due to Rayleigh-
Taylor instabilities. The radiation pressure produced by the GRB
and afterglow emission then accelerates the fragmented shell
nebula to velocities of hundreds to thousands of kilometers per
second.
Van Marle et al. (2005), on the other hand, produce hydro-
dynamic numerical simulations of the interactions of various
mass-loss phases (fast main sequence wind, slow red supergiant
wind, and a fast Wolf-Rayet wind) and conclude that these inter-
actions lead to a clumpy structure with a velocity range in excess
of 2000 km s1. The fragmented and clumpy structure of the
wind is a common theme in both scenarios, and is used to ex-
plain the similar kinematic structure in both the low- and high-
ionization lines.
In the case of GRB 050505 the velocity structure is only
apparent in C iv, suggesting that a more uniform wind structure
is allowed. Still, the effect of the ionizing radiation of the GRB
has to be taken into account. Since the recombination timescale
is expected to be significantly longer than the lifetime of the
GRB (unless the density is k106 cm3; Perna & Loeb 1998),
we can estimate the size of the ionized region roughly as r 
EionC iv /4eion;C iv
 
1=2  few ;1019 cm; here Eion is the total
energy in photons that can ionize C iv, C iv ¼ 1:068 ;1016 cm2
is the photoionization cross section, and eion;C iv ¼ 64:5 eV is
the ionization threshold energy. Clearly, a detailed photoioni-
zation calculation is required, but we conclude that outside of a
few parsecs C iv ions should remain intact. We stress that the
minimum radius for survival of Si iv ions is a factor of about 3.5
times smaller than that of C iv, so that the nondetection of out-
flowing Si iv cannot be simply attributed to photoionization.
Thus, the observations require a fast-moving (103 km s1)
wind, enriched in carbon and deficient in silicon, and with a ra-
dius of at least a few parsecs. These requirements can be natu-
rally satisfied in the case of aWolf-Rayet wind, for which typical
velocities can easily exceed 103 km s1 and extend out to a dis-
tance of 20 pc (Abbott 1978; van Marle et al. 2005).
The lack of silicon absorption, with a column density that is
at least a factor of 30 lower than that of C iv, provides interest-
ing constraints on the nature of the progenitor. Calculations of
theoretical profiles of C iv and Si iv in the winds from a range of
massive stars suggest that while strong C iv absorption is nearly
always present, the presence of Si iv lines depends sensitively
on a star’s mass and metallicity (Leitherer & Lamers 1991). Thus,
the wind from progenitors with a low mass and metallicity will
have negligible Si iv absorption. For example, in the case of
a wind from a 25 M star at the end of core hydrogen burn-
ing the ratio of Si iv to C iv matches the observed limit of
EW Si ivð Þ/EW C ivð Þ < 0:1 for Z P0:1 Z, while for a 60 M
star the theoretical ratio is 0.5 even for Z ¼ 0:03 Z. These
considerations indicate that the progenitor of GRB 050505 was
most likely a carbon-rich (WC)Wolf-Rayet star with a relatively
low mass (P25 M) and metallicity (Z P 0:1 Z).
However, radiatively driven winds follow a mass-loss rate–
metallicity relation, M˙ / Z 0:50:7 (Maeder & Meynet 1988;
Leitherer & Lamers 1991), and therefore single stars reach the
Wolf-Rayet phase at a higher mass when their metallicity is low;
in the Galaxy MWR;min  25 M, while in the SMC MWR;min 
45 M (Maeder 1998; Maeder & Meynet 2000). With a metal-
licity of P0.1 Z and a mass of only 25 M, it appears that
the progenitor of GRB 050505 was not sufficiently massive to
have become a Wolf-Rayet star. It is therefore likely that the
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progenitor required a companion star in order to eject the hy-
drogen envelope.
3.2. Si ii
Another interesting feature of the spectrum of GRB 050505
is the detection of strong fine-structure absorption from Si ii.
Since these transitions have not been convincingly detected in
QSO-DLAs (e.g., Howk et al. 2005) and since they are most
likely excited by collisions with electrons (for T P105 K; Silva
& Viegas 2002), we conclude that the Si ii absorber is coin-
cident with the local, high-density environment of the GRB. In
Figure 6 we show the three detected Si ii and Si ii transitions.
We note that the Si ii k1304 and Si ii k1309 pair is located in the
atmospheric B-band, therefore precluding a clear measurement
of the EWs. In addition, due to the low spectral resolution, the
Si ii k1260 transition is blended with S ii k1259 and Fe ii k1260,
although given the large oscillator strength of the Si ii transition,
it likely dominates the measured EW. Our estimate of the col-
umn density is thus based primarily on Si ii k1527 and on Si ii
kk1264, 1533 (Fig. 6).
The absorption lines of both species are saturated and the ra-
tio of column densities is therefore somewhat uncertain, although
it is clear that the column of Si ii is fairly large; using the weak-
est, unblended line of Si ii under the assumption of the optically
thin case, we find logN Si iið Þ  14:7. This value is somewhat
higher than those found in two previous GRB spectra: logN 
14:2 (GRB 030323; Vreeswijk et al. 2004) and logN  14:3
(GRB 020813; Savaglio & Fall 2004), but the rough similarity
may reflect comparable physical conditions in the local environ-
ments of GRBs.
Using the COG analysis we find that the ratio of column
densities is
NSi ii
NSi ii
 10
15:1
1015:7
 0:2: ð5Þ
With this value, and using the calculations of Silva & Viegas
(2002), we estimate that for a temperature of 103 K (i.e., a neutral
medium) the implied volume density of H i is nH i  102 cm3
if the electron fraction is ne¼ 0:1nH i . If the electron fraction is
ne < 10
4nH i , as may be expected for a neutral medium in which
the electrons primarily come from low-ionization species with an
abundance relative to hydrogen of104 (Silva & Viegas 2002;
Vreeswijk et al. 2004), the density is nH i104 cm3. In this
framework, the size of the absorbing region is ‘  1022:05 /103
3:5 pc assuming that the hydrogen is colocated with the Si ii
absorber. The inferred mass of the absorbing region is M ¼ mp
N H ið Þ‘2  103 M. Naturally, if only a fraction of the H i col-
umn is associated with the Si ii absorber, then the derived mass
and size are in fact upper limits. The inferred compact size of the
absorber explains the nondetection of Si ii in the QSO-DLAs,
since the probability of intersecting a region of only a few parsecs
in size is vanishingly small.
We note that there are two difficulties with this interpreta-
tion if we insist that the compact Si ii absorber has to be placed
around the GRB. First, in order to survive the burst of ionizing
radiation from the GRB (which affects the environment on a
scale of 10 pc) the Si ii absorber has to be shielded. Second, as
discussed in x 3.1, the wind from the progenitor star appears to
be deficient in silicon, and another source for the Si ii may be
required. These arguments suggest that the Si ii is located in the
vicinity of the GRB, but is probably not directly associated with
the progenitor star itself and is instead a signature of the dense
environment in the star-forming region.
3.3. Limits on the H2 Column Density
Absorption lines of molecular hydrogen may be detected in
the spectrum of GRB 050505 if the burst occurred in a dense
molecular cloud. Unfortunately, at the low resolution of our
spectrum it is essentially impossible to discern H2 absorption
lines from the Ly forest and transitions due to metals. We note
that in general the molecular fraction in DLAs is P104, and
only a small number of DLAs exhibit detectable fractions of
H2 (Ledoux et al. 2003). The explanation for this trend is a
combination of a low dust content and a fairly intense far-UV
radiation field, which combine to reduce the formation rate of
H2 and increase the photodissociation rate, respectively (Wolfe
et al. 2005). However, if GRBs tend to occur in molecular
clouds, GRB-DLAs may exhibit preferentially higher fractions
of molecular hydrogen, particularly in light of the fairly large
dust-to-gas ratios in comparison to QSO-DLAs (Savaglio et al.
2003).
On the other hand, as discussed in detail by Draine & Hao
(2002), the optical /UV radiation from the GRB itself is expected
to photoionize and dissociate H2 molecules to a distance of a few
parsecs. If the cloud hosting the GRB progenitor is smaller than
this size or if the burst is located near the edge of the cloud, we
expect that no H2 absorption features will be detected even if
the molecular fraction was initially high.
If the cloud is sufficiently large, the UV radiation field is
expected to also excite H2 into vibrational levels that will
produce observable absorption features at rest wavelengths of
Fig. 6.—Absorption lines of Si ii and the fine structure Si ii. The lines of both
species appear to be saturated so the ratio of column densities is only roughly
determined to be0.2.We note that Si ii k1304 and Si ii k1309 are located in the
atmospheric B band and the derived EWs are highly uncertain.
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11101705 8 (Draine & Hao 2002). The strongest features are
at k ¼ 1254:8 and 1277:3 8. While we detect an absorption
feature coincident with the 1277.3 8 line, we interpret this fea-
ture as C i k1277.2, whose EW is in good agreement with other
C i lines. The nondetection of vibrational H2 absorption, under
the assumption that the cloud size is sufficiently large, places a
limit of logN H2
 
P18 cm2 (Draine & Hao 2002), and hence
f H2ð ÞP104.
3.4. Limits on Ly Emission
We do not detect Ly in emission with a 3  limit of F <
2:1 ; 1017 ergs cm2 s1. At the redshift of the burst this limit
translates to an upper limit on the line luminosity of L <
3:9 ; 1042 ergs s1. Using the conversion of Kennicutt (1998)
and assuming case B recombination, the limit on the star for-
mation rate implied by the nondetection of Ly emission is
SFR ¼ 9:1 ; 1043LLy < 3:5 M yr1.
The limit on the inferred star formation rate is about a factor
of 3 higher than the value inferred for GRB 030323 at z ¼ 3:372
(Vreeswijk et al. 2004), but it is significantly lower than the
value measured for GRB 021004, 11 M yr1, based on Ly
emission (e.g., Fynbo et al. 2005). In fact, nearly every GRB
host in which Ly emission can be detected has been detected
(Jakobsson et al. 2005), while the fraction of LBGs with Ly
EWs similar to those in GRB hosts is only about one-third
(Shapley et al. 2003).
We note that the lack of Ly emission may still accommo-
date a star formation rate higher than our formal limit, since the
Ly photons are easily destroyed by resonant scattering in the
presence of dust. Thus, even for a fairly low dust content it is
possible that the star formation rate is in fact higher than the
limit provided above. A better assessment of the star formation
rate requires near-IR spectroscopy of the host galaxy for de-
tection of H at 3.46 m and/or [O ii] k3727 at 1.97 m.
4. INTERVENING SYSTEMS
We detect two intervening systems at z2 ¼ 2:265 and z3 ¼
1:695. The latter is detected only in Mg ii with a rest-frame
EWof 1.98 8 (k2796.35) and 0.94 8 (k2803.53). These values
match the expected 2 :1 ratio in the optically thin case, suggest-
ing that the lines are not saturated. The derived column density
is about 5 ; 1013 cm2. A comparison to the sample of Steidel &
Sargent (1992) reveals that 10% of quasar sight lines reveal
systems with similarly large EWs. However, unlike the observed
doublet ratio of about two measured here, the range of dou-
blet ratios for the quasar Mg ii systems with EWk 2 8 is typ-
ically1–1.3, indicative of strong saturation. We finally note that
for a magnesium abundance of about 10% the solar value, the
inferred column density in the z3 system suggests an associated
neutral hydrogen column density of logN H ið Þ  18:5 cm2.
The z2 redshift system exhibits a wider range of absorption
features, but, unfortunately, some of these lines are blended with
features from the host galaxy. Still, several Fe ii lines, aswell as the
Mg ii doublet, and a single Mn ii line are not blended, allowing
us to estimate the column density of somemetals in the z2 system.
A COG fit to the three Fe ii lines indicates b  60 km s1 and
log N Fe iið Þ  15:0. The Mg ii ratio of about 0.85 indicates
strong saturation and a lower limit on the column density of
log N Mg iið Þ  14:6, assuming the same Doppler parameter as
for the Fe ii lines. Finally, assuming that the single Mn ii line
is optically thin, we estimate log N Mn iið Þ  13:7. Thus, the
relative abundance is Fe/Mn½ 	k0:7, while in DLAs it is typi-
cally0. This suggests that we may be underestimating the Fe ii
by about 0.7 dex.
We also note that both iron and manganese are strongly de-
pleted in the Galaxy, while elements such as zinc are relatively
undepleted (Savage & Sembach 1996). In our case, the Zn ii
k2062:66 line is blended with C i from the host galaxy system.
However, using the measured EWas an upper limit and assum-
ing the optically thin case, we find logN Zn iið Þ < 13:4. Thus,
Mn/Zn½ 	 > 0:5 and Fe/Zn½ 	 > 1:2 are in agreement with
the typical values measured for DLAs of about 0.5 and 0.4,
respectively, particularly if the abundance of Fe ii is in fact
underestimated as suggested above.
5. DISCUSSION AND CONCLUSIONS
The absorption spectrum of GRB 050505 exhibits a DLA
with a column density of log N H ið Þ  22:05 associated with
the host galaxy. The measured column is higher than that of any
QSO-DLA studied to date, but it is similar to those measured for
several GRB-DLAs, albeit at the highest redshift to date.8 In
Figure 7 we provide a summary of the column densities mea-
sured from both quasars and GRBs to date. As already noted in
Vreeswijk et al. (2004), these distributions differ significantly,
presumably as a result of the smaller impact parameters in the
case of GRB-DLAs and the possibility that they probe indi-
vidual dense star-forming regions. The metallicity we infer for
GRB 050505, Z  0:06 Z, is within the range of values mea-
sured for QSO-DLAs at a similar redshift (Prochaska et al. 2003)
but is a factor of several higher than themeanmetallicity of about
0.01 Z.
This, along with the metallicities inferred for five additional
GRB-DLAs, is shown in Figure 8. In the top panel we plot the
metallicity as determined from various indicators as a function
of redshift in comparison to QSO-DLAs. For the QSO sample,
Prochaska et al. (2003) noted an apparent trend of increased
Fig. 7.—Fractional distribution of neutral hydrogen column densities from
quasar (Curran et al. 2002) and GRB observations (Jakobsson et al. 2004;
Vreeswijk et al. 2004; Chen et al. 2005; Prochaska et al. 2005a, 2005b; Starling
et al. 2005a; Vreeswijk et al. 2006; Watson et al. 2005). The GRB-DLAs exhibit
higher column densities with about one-third exceeding the values measured in
any QSO-DLA.
8 An absorption spectrum of GRB 050904 at z ¼ 6:29 has been obtained by
Kawai et al. (2005), but the column density and metallicity have not been
published so far.
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metallicity with lower redshift. A similar trend appears in the
admittedly small GRB-DLA sample, which spans from z  2
to 4.3. However, it is also clear that the GRB-DLAs have sys-
tematically higher metallicities compared to QSO-DLAs. In the
bottom panel of Figure 8 we plot the metallicity as a function
of hydrogen column density. No clear trend is evident, perhaps
suggesting that the higher metallicities in GRB-DLAs may not
be simply a function of the column density but may reflect a
difference in the star formation properties, rates, or history of
GRB-selected host galaxies compared to QSO-DLAs.
We highlight two aspects of the spectrum that provide insight
into scales and conditions that are not typically probed in quasar
sight lines: a C iv outflow that is most likely associated with the
wind of the progenitor star, and strong absorption from fine-
structure Si ii that is associated with a dense region in the
vicinity of the burst. The latter suggests that the GRB progenitor
lived in an environment typical of amolecular cloud. The C iv out-
flow, taken in association with the lack of corresponding Si iv ab-
sorption suggests that the progenitor star had a relatively lowmass
and metallicity, M  25 M and Z P 0:1 Z. The combination
of these properties suggests that the progenitor was part of a
binary system, with the companion responsible for stripping the
hydrogen envelope.
The continued detection of high-velocity features in GRB
absorption spectra may thus hold the only key to a detailed under-
standing of the distribution of progenitor properties (mass, metal-
licity, and binarity), as well as the ability to probe the properties
of individual molecular clouds at high redshift. Coupled with
information on the galactic scale properties of the ISM, GRBs
can probe all the scales relevant to our understanding of the star
formation process and its relation to metal production, as well
as the relation between DLAs and star-forming galaxies.
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